ABSTRACT. Acidic and osmotic treatments are part of hurdle systems to control pathogens such as Salmonella in food. In the current study, Salmonella enterica isolates previously shown to differ in their ability to form biofilms were grown in diluted tryptic soy broth (TSB) (1:5 dilution in distilled water) and subsequently exposed to phosphate-buffered saline (PBS) adjusted to pH 3.0 with HCl, PBS adjusted to pH 3.9 with acetic acid or rice vinegar diluted 1:15 with distilled water (pH 3.9). Cells grown in diluted TSB were also exposed to distilled water, pH 7.6, containing 5 M NaCl. No differences in survival upon exposure to PBS adjusted to pH 3.0 with HCl or distilled water containing high salt were observed between the isolates; however, exposure to acetic acid and rice vinegar resulted in lower survival levels of isolates previously shown to be poor biofilm formers. The numbers (log 10 cfu/ml) of surviving cells after exposure for 36 hr to acetic acid and rice vinegar were 4.43  0.24 vs. 2.27  0.87 (P<0.05) and 5.19  0.12 vs. 2.33  0.93 (P<0.05) for isolates with a high vs. low biofilm-forming ability. The survival data could be fitted with the Weibull model. The data suggest that the ability of Salmonella strains to survive in the presence of acetic acid and rice vinegar parallels their ability to form biofilms. Thus, Salmonella with a high biofilm-formation capability might be more difficult to kill with acetic acid found in foods or cleaning solutions.
Bacterial survival under various stresses is a great concern to food manufacturing and processing. Frequently, acidic and/or osmotic conditions are used for food preservation and to control hazardous bacteria such as Salmonella. Acids are also commonly applied in washes for foods and food contact surfaces.
Many bacteria are able to grow as biofilms when in contact with surfaces or at the air/medium interface [23, 36] . The biofilms are characterized by the presence of polymeric matrices produced by the bacteria, and these matrices together with physiological changes in the biofilm bacteria are known to alter the susceptibility of these bacteria to exogenous stresses and agents [18] . For example, it is known that Escherichia coli, Streptococcus mutans and Vibrio cholerae cells embedded in biofilms differ in their acid and osmotic tolerance from free-living cells [22, 25, 27, 38, 43] and that Salmonella cells embedded in biofilms show reduced susceptibility to trisodium phosphate [23] , desiccation [21] and chlorination [36] .
It is known that isolates of Salmonella differ in their ability to form biofilms [21, 39] . The connection between biofilm-forming ability and risk of foodborne outbreaks has been suggested in Salmonella and Listeria [10, 28, 42] . Salmonella strains with high biofilm-forming abilities were also more frequently observed in fish meal and feed factories than in wild life [42] . To determine if strains differing in their ability to from biofilms also differ in their ability to cope with acidic and osmotic stress, cells were exposed to phosphate buffered saline adjusted to pH 3.0 with HCl and to pH 3.9 with acetic acid, to diluted rice vinegar and to distilled water containing 5 M NaCl, and their survival was determined.
MATERIALS AND METHODS
Bacterial strains: Seven Salmonella strains were used (Table 1) . These strains were previously classified as strains having high (OD 595 >1.0) or low (OD 595 <0.03) biofilm-formation capability based on data from a microtiter plate assay [21] .
Survival experiments under acid solutions: The strains were grown in tryptic soy broth (pH 7.6) (TSB; Difco, Becton, Dickinson and Company, Sparks, MD, U.S.A.) at 37C for 24 hr and a loop (10 l; Sarstedt Group, Germany) of the culture was transferred into TSB (pH 7.6) diluted 1:5 with [21] . Under this condition, Salmonella cells were confirmed to reach the stationary phase and attain 10 8 cfu/ml. After incubation, 1 ml of culture was combined with 9 ml of phosphate buffered saline (pH 7.6) (Dulbecco's PBS(-), Nissui Pharmaceutical Co., Ltd., Japan) adjusted to pH 3.0 with 1.0 M hydrochloric acid (HCl; Wako Pure Chemical Industries, Ltd, Tokyo, Japan) or pH 3.9 with acetic acid (Wako Pure Chemical Industries, Ltd, Tokyo, Japan). Also, 1 ml of incubated culture was mixed with 9 ml of commercial rice vinegar (Japanese Consumer Co-operative Union, Tokyo, Japan) diluted 1:15 with distilled water (adjusted to pH 3.9). This rice vinegar, which contained about 0.8 M acetic acid, was purchased at a local supermarket in Tokyo. After mixing the solutions, the pH of the mixed solutions was measured and found not to be changed (HCl, pH 3.0, acetic acid, pH 3.9, 1:15 rice vinegar, pH 3.9). The samples were kept at 25C in a water bath, and the cell numbers were counted every 6 hr. To count the cell numbers, each sample was diluted serially by 10-fold using PBS (pH 7.6). Fifty or 200 μl of the diluted samples were spread on tryptic soy agar (TSA; Difco, Becton, Dickinson and Company) using a spiral plater (EDDY JET, IUL Instruments, Barcelona, Spain). The plates were incubated at 37C for 24 hr, and then colonies were counted. The pH value of the solution was measured after exposure to 48 hr, and it was found that pH did not change during the experiments. The experiments were performed in triplicate.
Survival experiments under high osmolar solutions: One ml of culture grown in 1/5 TSB culture for 24 hr at 25C was combined with 9 ml of saturated saline (distilled pure water with 5 M NaCl; Wako Pure Chemical Industries, Ltd, Tokyo, Japan) (pH 7.6). The samples were kept at 25C in a water bath, and the cell numbers were counted every 1 to 3 days by serial dilution and plating on tryptic soy agar. Colonies were counted after 24 hr of incubation at 37C. The experiments were done in triplicate.
Survival modeling: Due to the increasing use of risk analyses aiming to control foodborne diseases, seeking the best survival model is important. To identify an appropriate survival model for the survival data, the GInaFit software was used [19] . This software is mainly used for fitting the model to the bacteria inactivation.
The Weibull model is widely used as a statistical model of the distribution of inactivation times. In this model, lethal events are considered as probabilities, and survival curves are considered a cumulative form of the distribution of lethal events [33, 41] . This model is defined as follows [11, 26] .
In this formula, N 0 ,  and p are the initial microbial cell density (cfu/ml), the exposure time (hours) for the first log reduction and the shape parameter, respectively.
Albert et al. developed the Weibull with the tail model as follows [1] . N res ,  and p are the residual population density (cfu/ml), the exposure time (hours) for the first log reduction and the shape parameter, respectively.
Performance of these models was evaluated using a prediction zone (APZ) method [31] , which simultaneously assesses prediction bias and accuracy and predictive model performance. The performance factor of this method is the percentage of residuals (observed minus predicted values) that fall within an APZ from -1 (fail-safe) to 0.5 (fail-dangerous) log 10 units. When 70% of the residuals are in the APZ, the model is considered to provide acceptable predictions of the test data.
Statistic analysis: The bacterial cell number observed at each time point was expressed as the mean log cfu of bacteria ± standard error of the mean (SEM) using Microsoft Office Excel. Significant differences were determined with an unpaired Student's t-test using the Systat 11.0 software (Cranes Software International Limited). The detection limit was set to 50 cfu/ml, and if the detection was under the limit, the cell number was assumed to be 25 cfu/ml and used in the statistic analysis. Figure 1 shows survival curves in HCl solutions (pH 3.0) of strains with a high and low ability to produce biofilm. The initial average cell number (log 10 cfu/ml) of the 2 groups was approximately the same (7.47 ± 0.04 (SEM) vs. 7.50 ± 0.08) at 0 hr after exposure to acid. The cell number decreased to 4.27 ± 0.30 vs. 2.90 ± 1.09 (log 10 cfu/ml, P=0.22) at 48 hr of exposure for high vs. low biofilm-forming ability. At 48 hr 1 strain with low biofilm-formation capability (SEC 282) was under the detection limit. When fitted to the Weibull model, the  values were 9.21 ± 1.45 vs. 6.39 ± 1.41 for high vs. low biofilm-forming ability, but no significant difference in the survival numbers was found during the exposure period. Figure 2 shows survival curves of the Salmonella strains in acetic acid solutions (pH 3.9). Like under the HCl solutions, the initial average cell numbers of the 2 groups having high and low biofilm-forming ability were approximately the same, but significant differences were found at 24 hr (5.47 ± 0.25 vs. 2.88 ± 1.01, P<0.05) and 36 hr (4.43 ± 0.24 vs. 2.27 ± 0.87, P<0.05) for high vs. low biofilm-forming ability. At 48 hr, one strain with high capability (SEC 55) and 2 strains with low capability (SEC 280 and 282) were under the detection limit. Overall, obvious statistic differences for high vs. low biofilm-forming capability were noted from 24 hr of exposure onward. The Weibull model fitting showed this difference more clearly; the  values were 11.42 ± 1.72 vs. 4.75 ± 3.86 for high vs. low biofilmforming ability. .05) for high vs. low biofilm-forming ability. At 48 hr, 2 strains with low capability (SEC 280 and 282) were under the detection limit. The  values were 13.19 ± 1.57 vs. 8.83 ± 3.82 for high vs. low biofilm-forming ability, but significant statistical differences in the survival numbers were not found at 42 hr and 48 hr of exposure. The reason for this seems to be that three strains (SEC 55, 280 and 282) were under the detection limit at 42 hr.
RESULTS
Survival curves under high hyperosmotic solutions: Figure 4 shows survival curves in saturated saline (pH 7.6) of strains with high and low biofilm-formation capability. The initial average cell numbers (log 10 cfu/ml) of the 2 groups having high and low biofilm-forming ability were approximately the same (8.09 ± 0.06 vs. 8.13 ± 0.07) at 0 d. The cell numbers decreased to 1.95 ± 0.38 vs. 1.51 ± 0.11 (log 10 cfu/ ml, P=0.39) at 20 d of exposure for high vs. low biofilmforming ability. At 20 d, 2 strains with high capability (SEC 54 and 55) and 2 strains with low capability (SEC 280 and 282) were under the detection limit. The average number for strains with high capability tended to be larger than for strains with low capability, but the δ values were not different (0.43 ± 0.12 vs. 0.12 ± 0.08 for high vs. low biofilmforming ability), and no significant difference in survival numbers was observed.
Survival model performance:
The Weibull model provided acceptable predictions (70% of residuals) for all data. However, the APZ value of the strains with low biofilm-forming capability in acetic acid and rice vinegar was with HCl. Strains with high and low biofilm-formation capability were used. Each point on vertical bars indicates the mean±SEM (n=4 for strains with high capability, and n=3 for strains with low capability), which was calculated assuming the number below the detection limit (50 cfu/ml) to be 25 cfu/ml. Fig. 2 . Survival curves of Salmonella in PBS adjusted to pH 3.9 with acetic acid. Strains with high and low biofilm-formation capability were used. Each point on vertical bars indicates the mean±SEM (n=4 for strains with high capability, and n=3 for strains with low capability), which was calculated assuming the number below the detection limit (50 cfu/ml) to be 25 cfu/ml. * A significant difference was observed between the 2 groups of strains having different abilities to form biofilm at the same exposure time (P<0.05). . Strains with high and low biofilm-formation capability were used. Each point on vertical bars indicates the mean±SEM (n=4 for strains with high capability, and n=3 for strains with low capability), which was calculated assuming the number below the detection limit (50 cfu/ml) to be 25 cfu/ml. * A significant difference was observed between the two groups of strains having different abilities to form biofilm at the same exposure time (P<0.05).
smaller (APZ=71.4). When the Weibull with the tail model was used, the APZ values of these strains raised to 100.0, which showed more adequate fitting performance.
DISCUSSION
The ability of bacteria to form a biofilm is one of the important factors that must be considered to avoid foodborne diseases [10] . The advantage of a biofilm for bacteria is that it protects them against severe stresses such as poor nutrition and low temperature [12] . Acid and osmotic conditions are also involved in such stresses [22, 38, 43] . In this study, we used 2 groups of Salmonella strains, one showing a high ability to form biofilm and another showing a low ability. Previously, we have reported that biofilm formation by these strains can be facilitated on plastic wells by growing the bacteria in 1/5 TSB at 25C for 24 hr [21] . Therefore, this growth condition was also used in this study. If the bacterial ability to form biofilm plays a key role in bacterial protection against acidic or hyperosmotic stress, such strains having high ability to form biofilm would be more tolerable to low pH and hyperosmotic conditions than strains showing a low ability.
The survival of Salmonella strains in HCl solutions, the pH of which was adjusted to pH 3.0 to mimic gastric acid [3] , shows no significant difference in the survival curves between the 2 groups of strains having different abilities to form biofilm. However, the survival of Salmonella strains in acetic acid shows that the cell numbers of strains with low biofilm-formation capability decreased faster than those of strains with high capability. Acetic acid has been used as a cleanser detergent and a main material for a variety of vinegars and sources. Also, commercial rice vinegar has long been used for seasoning in Japanese and Chinese dishes. The pH value was adjusted to 3.9 for both acetic acid and rice vinegar solutions. Many studies have shown significant killing by acetic acid within minutes [9] . However, in this study, reductions of about 2 logs were observed 12 hr after acid treatment. Such a relatively slow reduction may be caused by using relatively mild acid, such as one with a pH of 3.9, and Salmonella cells at the stationary phase. Judging from the surviving cell numbers, acetic acid had a more severe effect on Salmonella survival than rice vinegar (the surviving number of cells with high capability at 36 hr was 4.43 ± 0.24 vs. 5.19 ± 0.12). Under pH 3.0 acid conditions, lactic acid has a more severe effect on cells than acetic acid and HCl [8] , but Bjornsdottir, et al. reported that exposure to 1-20 mM of lactic acid aided the survival of Escherichia coli in severe acidic environments with a pH of 3.2 [7] . Since lactic acid produced by lactic acid bacteria exists at a concentration of 0.73-3.42 mM in commercial rice vinegar [17] ; such low concentrations of lactic acid existing in rice vinegar solutions may also in some way have aided the survival of Salmonella strains in the acidified solutions.
The observed relationship between acid tolerance and biofilm-formation capability also indicates the possibility that the acid tolerance mechanism might be related to biofilm-forming mechanism. The survival curves under acidic conditions showed that the death rate decreased with incubation time in both strains, especially in strains with high biofilm-forming ability. Exposure of bacteria to low pH stress is known to induce acid shock proteins, which are involved in acid tolerance response [2, 5, 16, 29, 40] . Among these proteins, RpoS, the functional stress-responsive sigma factor, is known to be involved in the resistance of stationary phase cells to various stress-including acids [13, 24] and in the formation of biofilm by regulating CsgD expression [34, 35] . A higher level of RpoS causes a higher level of stress resistance, but the expression of this protein is widely different depending on the stress [6] . In Listeria monocytogenes, loss of functional stress-responsive alternative sigma factor sigB reduced the survival of the cells at pH 2.5 to a greater extent in the presence of organic acid (acetic acid) than in the presence of inorganic acid alone (HCl), suggesting that the protection against organic and inorganic acid may be mediated through different mechanisms [15] . Thus, Salmonella cells with high biofilm-formation capability might be under the high influence of acetic acid tolerance mechanisms during exposure to acetic acid, resulting in an increase in the tolerance level with incubation time. Other organic acids might also be linked to the tolerance mechanism, so further study using various organic acids will be necessary.
The results for tolerance against osmotic stress indicate that tolerance against hyperosmotic stress is independent of the biofilm-formation capability of Salmonella. For Pseudomonas aeruginosa and Vibrio cholerae, biofilm development was observed to be under the influence of osmotic conditions [4, 37] . Further studies using various strains and approaches will be needed to elucidate the link- Strains with high and low biofilm-formation capability were used. Each point on vertical bars indicates the mean±SEM (n=4 for strains with high capability, and n=3 for strains with low capability), which was calculated assuming the number below the detection limit (50 cfu/ml) to be 25 cfu/ml.
age of biofilm formation and osmotic tolerance of Salmonella. In order to estimate the D-value accurately, it is necessary to seek the best survival model in the food industry. Using the Weibull model showed adequate fitting performance in each experiment. A good fit of the inactivation curve is important to obtain more valuable estimates for the controlling the survival of bacteria. The Weibull model has been shown to be a very useful model for simulating the bacteria inactivation model [20, 32] . Also, in this experiment using Salmonella, this model was found to be very adequate for simulation of survival under acid and high osmolar stress. The strains with low biofilm-forming capability in acetic acid, and rice vinegar showed a characteristic decrease from 24 hr of exposure onward. By using the Weibull with the tail model, these types of survival curves were found to simulate clearly.
In conclusion, the data obtained in this experiment suggest that the ability of Salmonella strains to survive in the presence of acetic acid and rice vinegar parallels their ability to form biofilms. The relation between biofilm-forming ability and risk of foodborne outbreaks has previously been suggested [28, 42] . Therefore, it is important to consider strain-dependent variations in biofilm-formation capability when developing strategies for prevention of Salmonella contamination of foods. In particular, considering that various foods with low pH have caused outbreaks of Salmonella infection [14, 30] , this notion should be emphasized.
